Abstract. Atorvastatin is a member of the statin class of drugs, which competitively inhibit the activity of 5-hydroxy-3-methylglutaryl-coenzyme A reductase. The aim of the present study was to assess whether atorvastatin may protect BV-2 microglia and hippocampal neurons against oxygen-glucose deprivation (OGD)-induced neuronal inflammatory injury and to determine the underlying mechanisms by which its effects are produced. Cell viability and apoptotic ability were assessed using an MTT assay and annexin V-fluorescein isothiocyanate/propidium iodide double staining followed by flow cytometry, respectively. The expression of inflammation and apoptosis-associated mRNAs and proteins were assessed using reverse transcription-quantitative polymerase chain reaction and western blotting, and the expression of inflammatory factors was determined using ELISA. The results of the current study revealed that atorvastatin treatment suppressed the viability of OGD BV-2 microglia and hippocampal neurons. Furthermore, atorvastatin treatment reduced the expression of proinflammatory factors in OGD BV-2 microglia. Additionally, it was demonstrated to downregulate the toll-like receptor 4 (TLR4)/tumor necrosis factor receptor-associated factor 6 (TRAF6)/nuclear factor-κB (NF-κB) pathway in OGD BV-2 microglia. Atorvastatin also inhibited the apoptosis of OGD hippocampal neurons by regulating the expression of apoptosis-associated proteins. It was concluded that atorvastatin treatment may protect BV-2 microglia and hippocampal neurons from OGD-induced neuronal inflammatory injury by suppressing the TLR4/TRAF6/NF-κB pathway. This may provide a potential strategy for the treatment of neuronal injury.
Introduction
Inflammation is a complex defense mechanism that involves specialized cells and soluble factors, which are initiated to suppress and combat external threats to protect normal physiological functions (1) . Analogous inflammatory progressions are considered to occur in the brain and peripheral tissues. In the brain, microglia act as important immune effector cells of the central nervous system (CNS); microglia are sensitive to external environmental stimuli and are the first cells to respond following damage (2) . Under normal conditions, brain microglia are in a quiescent state. However, following ischemia and hypoxia, microglia rapidly transform from a resting to an active state, increasing their production of inflammatory cytokines (3) . Chronic inflammation of the brain gradually becomes noxious, which is associated with progressive tissue damage in degenerative diseases.
Alzheimer's disease (AD) is a degenerative disease of the CNS, the pathological characteristics of which were first described by the German doctor Alios Alzheimer in 1906 (4) . Among the various proposals for mechanisms underlying pathogenesis of AD, inflammation is a theory of interest. Previous studies have demonstrated the existence of inflammatory markers in AD brains, including cytokine and chemokine overproduction, and microgliosis within injured areas (5) (6) (7) (8) .
Additionally, it has been demonstrated that levels of various proinflammatory factors were enhanced in patients with AD, including interleukin (IL)-6, IL-1β and tumor necrosis factor-α (TNF-α) (9) . Activated microglia have been revealed to exert neurotoxic effects by releasing IL-6, IL-1β, TNF-α and inducible nitric oxide (NO) synthase (8) , which is reported to be exacerbated in neurodegenerative diseases, including AD (10), human immunodeficiency virus-associated dementia (11) and Parkinson's disease (12) .
Toll-like receptors (TLRs) are crucial innate immune receptors that have been reported to be involved in the development and progression of AD (13) . Previous studies have
Atorvastatin protects BV-2 mouse microglia and hippocampal neurons against oxygen-glucose deprivation-induced neuronal inflammatory injury by suppressing the TLR4/TRAF6/NF-κB pathway
demonstrated that TLRs serve critical roles in anoxic and anoxemic injury (14) (15) (16) . It has been demonstrated that TLR4 knockout protected against ischemic injury in mice (17) . As one of the key inflammatory-associated molecules, TNF receptor-associated factor 6 (TRAF6) has been demonstrated to induce nuclear factor-κB (NF-κB) activation (18) . NF-κB is a key transcription factor that participates in the regulation of inflammatory cytokine expression. NF-κB may be transported into the nucleus following TLR signaling pathway activation (19) . Furthermore, it has been indicated that suppressing the activation of NF-κB is associated with neuroprotective effects (20, 21) . It has been demonstrated that the TLR4 signaling pathway may be implicated in the progression of AD and may therefore be a novel therapeutic target (22) . However, the function and mechanism of the TLR4/TRAF6/NF-κB pathway in AD has not yet been elucidated. Statins, a class of 5-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, were first isolated from the fungus Penicillium citrinum in 1976 (23) . HMG-CoA reductase serves as a rate-limiting enzyme in the synthesis of cholesterol in hepatic cells, and its activity may be competitively suppressed by statins (24) . In addition, a previous study demonstrated that statins serve an indispensable role in the protection of the CNS and the improvement of memory (25) . Atorvastatin is a statin that, when applied long-term, has been revealed to improve learning and memory in AD rats (26) . Atorvastatin has also been demonstrated to downregulate the expression of IL-6, IL-1β and TNF-α in the hippocampus, further protecting the CNS (27) . However, there is a lack of research at present concerning atorvastatin and its protective effects against neuronal inflammatory injury in AD.
The present study assessed whether atorvastatin may have potential as a novel therapeutic agent in the suppression of proinflammatory and neurotoxic factor release from oxygen-glucose deprived (OGD) BV-2 microglia and the apoptosis of OGD hippocampal neurons. Furthermore, the associated signaling pathway and apoptosis-associated protein expression in OGD models treated with atorvastatin were assessed.
Materials and methods
Ethical approval. Ethical approval for the experimental research on animals in the present study was obtained from the Institutional Review Board of Shaoxing Municipal Hospital (Shaoxing, China).
Reagents. DMEM medium and penicillin-streptomycin used in cell culture were obtained from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The following antibodies were purchased from Abcam (Cambridge, UK): Anti-TNF-α (1:1,000; cat. no. ab6671; rabbit anti-mouse), anti-TLR4 (1:2,000; cat. no. ab83444; rabbit anti-mouse), anti-TRAF6 (1:5,000; cat. no. ab33915; rabbit anti-mouse), anti-NF-κB (1:5,000; cat. no. ab32360; rabbit anti-mouse), anti-B-cell lymphoma 2 (Bcl-2)-associated X (Bax; 1:500; cat. no. ab32503; rabbit anti-mouse), anti-Bcl-2 (1:500; cat. no. ab59348; rabbit anti-mouse), anti-caspase-3 (1:1,000; cat. no. ab2302; rabbit anti-mouse), anti-GAPDH (1:10,000; cat. no. ab181602; rabbit anti-mouse). anti-IL-6 (1:1,000; cat. no. 12912; rabbit anti-mouse) and anti-IL-1β (1:1,000; cat. no. 12426; rabbit anti-mouse) were purchase from CST Biological Reagents Co., Ltd. (Shanghai, China). Atorvastatin was obtained from Pfizer, Inc. (New York, NY, USA).
Cell culture. Mice (C57BL6; 7-9 weeks old; 1:2 male:female) were purchased from Guangdong Medical Laboratory Animal Center. These mice were bred to produce the newborn mice. Parental and newborn mice were housed at 21±2˚C with 60% relative humidity, a 12 h light/dark cycle and free access to food and water. Six newborn mice (born <24 h; weight, 1-2 g) were euthanized via cervical dislocation and subsequently soaked and disinfected in 75% ethanol for 3-5 min at room temperature. Brains were removed via craniotomy. Brains were washed with cold D-Hanks solution (Beijing Solarbio Science & Technology, Co., Ltd., Beijing, China) and the meninges and blood vessels were removed. Hippocampus tissues were sliced into 2 mm sections and washed in D-Hanks solution for 10 min at 37˚C. Cells were subsequently digested with 0.125% trypsin (Beyotime Institute of Biotechnology, Haimen, China) for 20 min at 37˚C. A total of 20 ml Dulbecco's modified Eagle's medium mixed 1:1 with Ham's F-12 (DMEM/F12; Gibco; Thermo Fisher Scientific, Inc.) and 10% fetal bovine serum (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added into cells via a pipette. The suspension was then collected and filtrated with an 80 mesh nylon filter (178 µm). The suspension was centrifuged at 800 x g for 15 min at 4˚C, the supernatant was discarded and 10 ml DMEM/F12 was added to the precipitate. Cell debris and residual tissues were sunk through centrifugation at 800 x g for 10 min at 4˚C and the cell suspension was collected. Cells were seeded into a pre-coated polylysine culture flask (75 cm 2 , 250 ml) and incubated at 37˚C overnight in 5% CO 2 . According to the metabolism of the cells being assessed, fluid was changed every 2-3 days, as described previously (28) . After 2 weeks, the culture flask was agitated using a rotary shaker at speed of 300 rpm overnight at 37˚C. The supernatant cell suspension was removed and inoculated into a second culture flask. A total of 2 h following the renewal of culture medium, the adherent cells was BV-2 microglial cell line. The identification of microglia was determined by detecting the expression of GFAP by western blot analysis (data not shown) using an anti-GFAP antibody (cat. no. ab7260; 1:10,000).
Preparation of microglial-conditioned medium (MCM)
. BV-2 microglial cells were used to establish a model of activated microglia under OGD conditions as previously reported (29) . Cells (1x10 5 ) were maintained in serum/glucose-free DMEM in an anaerobic environment for 1.5 h at 37˚C containing 5% CO 2 and 95% N 2 . Cells were then transferred into DMEM supplemented with 1% B27, 2 mmol/l glutamine and 10% penicillin-streptomycin) and incubated in atmosphere containing 95% air and 5% CO 2 at 37˚C. Following a 48 h incubation, the MCM was harvested. Centrifugation (800 x g for 1 min at room temperature) was performed to purify the conditioned medium. The medium was subsequently diluted with serum-free DMEM to 1:1. Following this, the conditioned medium was used for the culture of OGD hippocampal neurons in vitro.
Primary culture of hippocampal neuronal cells. Primary hippocampal neuronal cell cultures were performed as described previously (30) . The hippocampal formations of newborn mice (<24 h) were dissected and incubated with D-Hanks solution. The tissues were digested using 0.125% trypsin and grinded softly at 37˚C. Subsequently, the dissociated cells were scattered onto glass cover slips covered with poly-L-lysine (molecular weight, 20,000-50,000; 0.1 mg/ml; Sigma-Aldrich; Merck KGaA). Cells were then transferred into the MCM prepared in the aforementioned experiment to establish the OGD model. Cells were incubated under moist conditions at 37˚C and 5% CO 2 for 10-12 days. The medium was changed every 2-3 days.
Cell viability analysis. Cell viability was measured by performing an MTT assay. A total of ~5x10 4 cells/ml in the logarithmic phase were seeded into a 96-well plate and maintained for 12 h in an incubator (37˚C, 5% CO 2 ) . Atorvastatin at five different concentrations (2.5, 5, 10, 20 and 50 µM) was added and cells were incubated at 37˚C and 5% CO 2 for 12, 24 and 48 h. Cell viability was determined by adding 10 µl MTT (5 mg/ml; Beyotime Institute of Biotechnology) solution and incubating at 37˚C for 6 h. Following centrifugation at 800 x g for 1 min at room temperature, the supernatant was discarded. Cells were treated with 100 µl dimethyl sulfoxide under low-speed oscillation for 10 min. A microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to determine the absorbance at 490 nm. Growth values were calculated using optical density (OD) as follows: (OD treated cells/OD untreated cells) x100, as described in a previous study (31) .
Cell apoptosis analysis. Flow cytometry (FCM) was utilized for the analysis of cell apoptosis. Cells were seeded at a density of 3x10 5 into a 6-well plate. Cells were treated with or without 10 µM atorvastatin at 37˚C for 24 h. Following OGD injury, cells were fixed in 70% ethanol at 4˚C for 2 h. Following this, cells for assessment were washed with PBS (containing KH 2 PO 4 , Na 2 HPO 4 , NaCl and KCl; Beijing Solarbio Science & Technology, Co., Ltd.) and resuspended in incubation buffer [10 mmol/l 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid/NaOH (PH 7.4), 140 mmol/l NaCl, 5 mmol/l CaCl 2 ] at a density of 1x10 6 cells/ml. Cells were then maintained with annexin V fluorescein isothiocyanate (1 µg/ml) at 4˚C for 15 min and propidium iodide (1 µg/ml; Xilong Scientific Co., Ltd., Shenzhen, Luogang, China) at 4˚C for 5 min in the dark. A flow cytometer (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA) was used for the analysis of cell apoptosis with CellQuest software version 5.1 (BD Biosciences).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from cells in three groups: Control group; OGD only group; and OGD + 10 µM atorvastatin group. Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A total of 2 µg RNA was used for cDNA synthesis with a first strand cDNA kit (cat. no. 11483188001; Sigma-Aldrich; Merck KGaA) with the temperature protocol: 25˚C for 10 min, 42˚C for 50 min and 70˚C for 15 min. qPCR was performed using the SYBR Green Premix reagent (Takara Bio, Inc., Otsu, Japan) with an ABI 7300 Thermocycler (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following thermocycling conditions were utilized for qPCR: 10 min pretreatment at 94˚C, 55˚C for 40 sec and 70˚C for 40 sec (20 cycles), 94˚C for 30 sec, 65˚C for 40 sec and 70˚C for 40 sec (40 cycles), and a final extension at 70˚C for 10 min. It was then held at 4˚C. GAPDH was utilized as an internal control. The method of 2 -∆∆Cq was used for the normalization of expression to GAPDH (32) . The primers used for the amplification in the present study are presented in Table I .
Western blot analysis. Cultured cells were lysed on ice with radioimmunoprecipitation buffer (pH 7.4; 0.1% SDS, 1 mM MgCl 2 , 10 mM Tris-HCl, 1% Triton X-100). Debris was removed and the supernatant was collected following centrifugation at 800 x g for 1 min at room temperature. Protein concentration was confirmed using a bicinchoninic acid protein assay (Bio-Rad Laboratories, Inc.) following the manufacturer's protocol. An equal quantity (50 µg) of protein from each sample was separated using 5% SDS-PAGE gel and transferred to nitrocellulose membranes (EMD Millipore, Billerica, MA, USA) for 1.5 h. Following washing, non-specific sites were blocked by immersing membranes into 5% low fat dried milk at room temperature for 2 h. The membranes were subsequently maintained overnight with primary antibodies (anti-TNF-α, anti-TLR4, anti-TRAF6, anti-NF-κB, anti-Bax, anti-Bcl-2, anti-caspase-3, anti-IL-6, anti-IL-1β and anti-GAPDH) at 4˚C. Following washing with PBS, corresponding horseradish peroxidase-conjugated secondary antibodies (1:6,000; cat. no. ab6721; goat anti-rabbit IgG H&L) were incubated with the membranes at room temperature for 2 h. Signals were detected using an Enhanced Chemiluminescent™ detection kit (EMD Millipore). Band densities were quantified with Quantity One software version 4.6.9 (Bio-Rad Laboratories, Inc.).
ELISA. Quantikine ELISA kits for IL-6 (cat. no. SM6000B), IL-1β (cat. no. SMLB00C) and TNF-α (cat. no. SMTA00B) was purchased from R&D systems. All reagents mentioned in the following section were included in the ELISA kits. In brief, plates were removed from the sealed bag. A total of 100 µl standard products at different concentrations (1,000, 500, 250, 125, 62.5, 31.2, 15.6 pg/ml) were added into their corresponding wells. Wells were subsequently sealed with adhesive tape and incubated for 90 min at 37˚C. The biotinylated antibody working fluid was prepared in advance. All plates, excluding blank wells, were washed five times with PBS. A total of 100 µl biotinylated antibody working fluid was added to each well, sealed with adhesive tape and incubated for 60 min at 37˚C. The enzyme solution was prepared in advance for 30 min and then placed in the dark at room temperature. All plates, excluding blank wells, were washed five times. Enzyme solution (100 µl) was then added to each well, sealed with adhesive tape and maintained for 30 min at 37˚C. The plates were washed five times and the chromogenic substrate was added to each well and maintained in the dark for 10-15 min at 37˚C. A stop solution (100 µl) was then added to wells and agitated immediately for 10 min. The OD 450 value was measured using a microplate reader (Bio-Rad Laboratories, Inc.).
Statistical analysis.
GraphPad Prism version 6.0 (GraphPad Software, Inc., La Jolla, CA,USA) was used to perform the statistical analysis. All data are presented as the mean ± standard error. At least three independent experiments were performed. The results of all assays were analyzed using one-way analysis of variance followed by Tukey's multiple comparisons test. P<0.05 was considered to indicate a statistically significant result.
Results

Atorvastatin suppresses OGD BV-2 microglial cell viability.
Conditions of OGD have been previously demonstrated to activate BV-2 microglia through the release of proinflammatory and neurotoxic factors, including IL-1, TNF-α and NO, which lead to the development of neuronal inflammatory injury (33, 34) . In addition, the anti-inflammatory effect of atorvastatin has been demonstrated to function in the protection of the CNS in AD (35, 36) . The present study assessed whether atorvastatin may affect the viability of OGD BV-2 microglia. Five different concentrations (2.5, 5, 10, 20 and 50 µM) of atorvastatin were applied to select the optimal concentration of atorvastatin for the subsequent experiments (data not shown) and 10 µM was selected. MTT results revealed that OGD led to significant decrease in BV-2 microglia viability (P<0.05 vs. control). Following atorvastatin treatment for 12, 24 and 48 h, it was revealed that the viability of OGD BV-2 microglia was increased compared with the OGD only group (Fig. 1A) . These results indicated that atorvastatin rescued the viability of OGD-treated BV-2 microglia. Thus, it was hypothesized that atorvastatin may exert its effects through regulation of proinflammatory and neurotoxic factor release.
Atorvastatin reduces the expression of IL-6, IL-1β and TNF-α in OGD BV-2 microglia.
The present study assessed the mechanism by which atorvastatin reduces the viability of OGD BV-2 microglia. The present study investigated whether the suppressive effect of atorvastatin on OGD BV-2 microglial cell viability may occur via effects on the release of proinflammatory and neurotoxic factors. Therefore, the expression of proinflammatory and neurotoxic factors in OGD BV-2 microglia treated with atorvastatin was assessed. ELISA results demonstrated that OGD significantly upregulated IL-6, IL-1β and TNF-α expression in BV-2 microglia (P<0.01 vs. control; Fig. 1B-D) . However, IL-6, IL-1β and TNF-α expression in OGD BV-2 microglia was significantly decreased following atorvastatin treatment (P<0.05; Fig. 1B-D) . In addition, RT-qPCR and western blotting indicated that atorvastatin treatment markedly reduced IL-6, IL-1β and TNF-α mRNA and protein expression in OGD BV-2 microglia (P<0.01; Fig. 2A and B) . These results indicated that atorvastatin downregulated the expression of IL-6, IL-1β and TNF-α in OGD BV-2 microglia.
Atorvastatin downregulates the TLR4/TRAF6/NF-κB pathway in OGD BV-2 microglia.
Furthermore, the expression of the TLR4/TRAF6/NF-κB pathway in OGD BV-2 microglia treated with atorvastatin was assessed using RT-qPCR and western blotting. The results revealed that OGD significantly increased the mRNA levels of TLR4, TRAF6 and NF-κB in BV-2 microglia (P<0.01; Fig. 2C ), while the mRNA expression of these three genes was significantly reduced following treatment with atorvastatin in OGD BV-2 microglia (P<0.05; Fig. 2C ). Furthermore, western blot analysis demonstrated that the OGD-induced overexpression of TLR4, TRAF6 and NF-κB proteins in OGD BV-2 microglia was significantly reduced following atorvastatin treatment, which was consistent with the results obtained from RT-qPCR (P<0.05; Fig. 2D ). The multiple protein bands observed for TRAF6 and NF-κB presented Fig. 2D may have been caused by the specificity of the antibodies utilized in western blotting. Therefore, these results demonstrated that atorvastatin may suppress the TLR4/TRAF6/NF-κB pathway in OGD BV-2 microglia. Table I . Sequences of primers utilized in reverse transcription quantitative polymerase chain reaction. Gene  Forward  Reverse   IL-6  CCAGTTGCCTTCTTGGGACT  TCTGACAGTGCATCATCGCT  IL-1β  ATCTCGCAGCAGCACATCAA  ATGGGAACGTCACACACCAG  TNF-α  CGGAAAGGACACCATGAGCA  GGGAGCCCATTTGGGAACTT  TLR4  CCGCTCTGGCATCATCTTCA  AGGTCCAAGTTGCCGTTTCT  TRAF6  CATGGACGCCAAACCAGAAC  TACACCTCTCCCACTGCTTG  NF-κB  CCTGCAACAGATGGGCTACA  TTCCTCCTTTGGGACGATGC  Bax  TCTCCGGCGAATTGGAGATG  CTCACGGAGGAAGTCCAGTG  Bcl-2  TGCGTGAAGGCTTGAGATGT  TCCCCCTTTCCTAGACCCAG  Caspase-3  TGGCTTGCCAGAAGATACCG  CCGTTGCCACCTTCCTGTTA  GAPDH AATGGGCAGCCGTTAGGAAA GCGCCCAATACGACCAAATC IL, interleukin; TNF-α, tumor necrosis factor α; TRAF6, tumor necrosis factor receptor-associated factor 6; NF-κB, nuclear factor-κB; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X.
Primer sequence -------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Atorvastatin improves cell viability and inhibits apoptosis of hippocampal neuron. The viability and apoptosis of hippocampal neurons treated with OGD and atorvastatin were also assessed in the current study. Hippocampal neurons were cultured with MCM to create the OGD model. MTT results indicated that OGD evidently depressed the hippocampal neuron cell viability (P<0.05 vs. control), while additional atorvastatin treatment enhanced the viability of OGD hippocampal neurons (P<0.05 vs. OGD model; Fig. 3A) . Furthermore, the anti-apoptosis ability of atorvastatin treatment on OGD hippocampal neurons was assessed. FCM data revealed that OGD led to a significant increase in the apoptosis of hippocampal neurons (P<0.001 vs. control; Fig. 3B and C) . However, atorvastatin markedly inhibited the apoptosis rate of OGD hippocampal neurons (P<0.01; Fig. 3B and C) . Furthermore, the expression of apoptosis-associated proteins in hippocampal neurons treated with OGD and atorvastatin was assessed. The results of RT-qPCR and western blotting demonstrated that the expression of Bax and caspase-3 in hippocampal neurons was significantly increased under OGD (P<0.001), while atorvastatin significantly downregulated Bax and caspase-3 expression in OGD hippocampal neurons (P<0.05; Fig. 4 ). However, Bcl-2 expression decreased under OGD (P<0.01) and was significantly enhanced following atorvastatin treatment (P<0.05; Fig. 4 ). These results verified the hypothesis that atorvastatin treatment may inhibit OGD hippocampal neuron apoptosis.
Discussion
AD is a chronic and polyfactoral neurodegenerative disease of the elderly. Previous studies have demonstrated that neuroinflammation induced by microglia is implicated in the pathogenesis of AD (37, 38) . As one of the most numerous immunocytes in the CNS, microglial cells have received attention in patients with AD due to their conspicuous response to AD pathophysiology (8, 39) . For example, it has been reported that the proinflammatory cytokines released from activated microglia, including IL-6, IL-1β and TNF-α, result in neuronal damage and loss (8, 9) . Lovastatin was previously reported to reduce the release of IL-6, IL-1β and TNF-α from rat primary microglia (40) . However, the inhibitory effect of atorvastatin on the release of IL-6, IL-1β and TNF-α from activated microglia is yet to be elucidated. In the current study, mouse BV-2 microglia and hippocampal neurons induced by OGD were utilized to establish a model of AD neuronal inflammatory injury. The viability of BV-2 microglia treated with OGD and atorvastatin was assessed. The results indicated that atorvastatin treatment suppressed the viability of OGD BV-2 microglia. Due to these results, the present study further assessed the expression of proinflammatory cytokines in BV-2 microglia affected by OGD and treated with atorvastatin. The results demonstrated that atorvastatin significantly reduced the expression of IL-6, IL-1β and TNF-α in OGD BV-2 microglia. Therefore, it was concluded that atorvastatin may improve the viability of OGD BV-2 microglia by downregulating the expression of IL-6, IL-1β and TNF-α. TLR4, TRAF6 and NF-κB are crucial factors that participate in the regulation of inflammatory cytokine expression (41) . A previous study demonstrated that suppression of the TLR4/NF-κB/signal transducer and activator of transcription signaling cascade mitigated microglial inflammation of the brain in AD (42) . To the best of our knowledge, the present study was the first to assess the effect of atorvastatin on the TLR4/TRAF6/NF-κB pathway in neuronal inflammatory injury associated with AD. In the present study, the expression of TLR4, TRAF6 and NF-κB in BV-2 microglia with OGD and atorvastatin was assessed. The results revealed that the expression of TLR4, TRAF6 and NF-κB in BV-2 microglia was significantly upregulated by OGD, while atorvastatin treatment markedly reduced TLR4, TRAF6 and NF-κB expression in OGD BV-2 microglia. These results demonstrated that atorvastatin affected the TLR4/TRAF6/NF-κB pathway in OGD BV-2 microglia, indicating that atorvastatin may reduce the release of proinflammatory cytokines from OGD BV-2 microglia by suppressing the TLR4/TRAF6/NF-κB pathway. However, further investigation into the exact regulatory mechanisms between atorvastatin and the TLR4/TRAF6/NF-κB pathway are required.
It has been previously reported that cultured rat hippocampal neurons can be used to establish OGD neuronal injury models (43) . Therefore, hippocampal neurons from mice were selected to further assess the protective effect of atorvastatin in OGD-induced neuronal inflammatory injury. MTT results revealed that atorvastatin increased the viability of OGD hippocampal neurons. According to the cell apoptosis analysis conducted in the present study, atorvastatin treatment significantly inhibited the apoptosis of OGD hippocampal neurons. Furthermore, the expression of apoptosis-associated proteins in hippocampal neurons treated with OGD and atorvastatin were also assessed. It was determined that OGD significantly increased the expression of Bax and caspase-3, and reduced the expression of Bcl-2, in hippocampal neurons. However, atorvastatin markedly downregulated the expression of Bax and caspase-3, and upregulated the expression of Bcl-2, in OGD hippocampal neurons. These results indicated that atorvastatin may inhibit OGD hippocampal neuron apoptosis by regulating the expression of Bax, Bcl-2 and caspase-3. In the current study, the results indicated that atorvastatin may protect mouse BV-2 microglia and hippocampal neurons from OGD-induced neuronal inflammatory injury by suppressing the TLR4/TRAF6/NF-κB pathway. However, the present study used in vitro model only. Therefore, to further elucidate the mechanism of neuronal inflammatory injury, an in vivo model or co-culture between microglia and neurons should be utilized.
In conclusion, the present study demonstrated that atorvastatin treatment may protect BV-2 microglia and hippocampal neurons from OGD-mediated neuronal inflammatory injury by suppressing the TLR4/TRAF6/NF-κB pathway. This conclusion may further support the utilization of atorvastatin in the treatment of AD. 
